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Photon beam radiotherapy, including x-rays and γ-rays, is the most widely used type of ionizing radiation in cancer-directed treatment.
Proton beam therapy has emerged over the past several decades as a potentially significantly improved technological advancement for radiotherapy clinical application. Our community of scientists and evidence-based practitioners in the United States should build additional proton therapy facilities in order to responsibly develop, carefully study, and properly implement this emerging technology such that it may deliver on the promise of improved patient care.
Based upon its advantageous physical features, proton-based radiotherapy can offer improved dose-sparing of regional normal tissues while simultaneously allowing for dose-escalation to the tumor target. 4 This dosimetric advantage is elegantly achieved by the shape of the Bragg peak; beyond the end of which the dose falls off very quickly. 5 As a result, the exit dose is but a small fraction of that from photon beam therapies. When this basic physical advantage of finite proton range is utilized with algorithmically optimized treatment planning methods, then delivered with range and fluence modulation, it leads to dosimetrically superior treatment plans, particularly in regions of proximity to uninvolved normal anatomy. Numerous computational studies have predicted lower risks of second cancers and other radiogenic late effects in long-term survivors who receive proton therapy compared with photon therapy. [6] [7] [8] [9] [10] [11] More generally, there is increasing impetus to reduce radiogenic toxicities in normal tissues, 12 a challenging task common to all types of external beam radiotherapy. Decreased off-target dose may also engender increased preservation of the immune compartment leading to improved tumor control. 13 Notably, the technology to deliver proton therapy is significantly distinct from photon-based delivery and historically has been resource-intensive, limiting widespread manufacture and deployment of proton delivery facilities. Currently, there are 30 proton centers in operation, 10 centers are under construction or in development, and two centers are expanding in the United States. 3 Unfortunately, many of these centers are geographically clustered, limiting access to large segments of the population. 14 Based on the above facts, select patients may potentially benefit more from proton vs photon therapy in the respects of normal tissue protection and superior tumor control. Large-scale collaborative clinical trials and epidemiology studies are needed to determine the role of proton therapy, particularly for children, 15 and additional treatment capacity is needed to accelerate the accrual of outcome data.
The preponderance of available evidence indicates proton therapy is as good as or better than photon therapy for many, but not all, patients. To generate a more complete base of outcomes evidence, more proton therapy centers will be needed to conduct multi-institutional clinical trials and long-term epidemiology studies that compare the outcomes of patients who receive proton vs photon treatments.
In the end, expanding proton therapy capacity involves risk and uncertainty; there is no guarantee that the centers will cooperate and generate much needed evidence. Conversely, based on more than 6 decades of clinical experience, the desired evidence may never arrive if proton treatment capacity remains at current levels.
Therefore, the United States should build additional proton therapy facilities in more states to deliver on the promise of improved patient care. In 2016, the National Cancer Institute (NCI) convened a national panel to investigate growing concerns about the incidence of brainstem injury in pediatric patients treated with proton therapy. 16 The growing use of proton therapy as a near mandatory consideration in children with medulloblastoma, 17 despite the lack of clinical data, 18 had led to unexpected cases of severe, even fatal brainstem damage.
Although first reported in 2014, 19 the pediatric oncology community had been aware of this problem for several years prior to this initial admission of clinical problems with proton therapy. In comparing the treatment approaches of the three proton centers with the largest pediatric experience, there was a wide range of approaches to treatment planning even among academic institutions, but all of them had calculated effective doses using a fixed relative biological effectiveness (RBE) value of 1.1 for protons. However, the concern that proton RBE for the central nervous system might be higher than 1.1 has recently been confirmed in a comprehensive study in the rat spinal cord. 20 In this study, the rat cord was irradiated at different positions of the Bragg peak, showing the RBE to increase to 1.2-1.3
at the distal edge. This finding fundamentally disproved the previous assumption of a fixed and uniform RBE, which suggested potential varying degrees of impact on patients that had been or will be planned with a fixed RBE value of 1.1.
As an interim measure, the guidelines of ACNS0831 were modified, essentially allowing dose de-escalation for patients treated with protons. Subsequent literature 21, 22 has suggested that a more nuanced (and far more complicated) approach to the problem of RBE value in proton therapy planning will be required for clinically (IMRT), yet the initial investment for protons is more than ten times higher than photon therapy. This is due to the lack of evidence that would demonstrate to insurers and policy experts that protons have higher effectiveness and better outcome when compared with conventional photon therapy.
From a physics point of view, we are all aware that the proton's famous "Bragg Peak" is a double-edged sword. It provides sharp dose fall off distal from the Bragg Peak, yet at the same time, it is too sensitive to tumor mobility and patient setup accuracy. Even with stationary tumors and precise patient setup, proton therapy at its early phase (scanning or scattered beam) has not been proven superior to conventional IMRT. 26 While the more advanced intensity modulated proton therapy technique may be associated with reduced toxicity compared to IMRT, 27 most reported studies were done in a retrospective fashion, and there is still a dearth of prospective multicenter randomized trials to validate those reported benefits.
One may argue that we need more proton centers to start and participate in those prospective trials. However, there are already two dozen operating proton therapy centers in the United States, while the enrolled patient numbers on the proton arm of numerous prospective trials are still very low. While there may be other issues that are limiting the accrual of patients into prospective trials of proton therapy, the number of proton facilities does not seem to be the problem, and, adding more proton facilities is unlikely to improve accrual.
Overall, we would argue that the unchecked growth in proton treatment facilities is outstripping the radiation oncology community's ability to properly study, analyze, and use this treatment PARALLEL OPPOSED EDITORIAL | 9 modality. A limited number of proton centers, with a primary mission of research, clinical development, and training would be better able to define the appropriate role and scope for proton therapy. Shortly after the publication of the NCI consensus opinion, the question of expanding proton therapy centers was compared to the development of autonomous vehicles 28 : research and development was not being halted because of "early crashes and technical set-backs".
Shortly thereafter, such vehicles were placed into "real-world" use, and then promptly withdrawn after they proved unsafe in this setting. Proton therapy is a powerful tool, but it is clear that we don't fully understand it. It's time to put on the brakes. 
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Thus, the economic gain of proton therapy will be realized with long-term follow-up.
It has taken decades to rigorously study the appropriate parameters for optimum photon-based radiotherapy delivery, with many clinical, biological, and technical issues still unresolved. The challenges of assessing value with deployment of advanced technologies in radiation oncology, such as protons, are well-recognized and require a concerted effort of the community to properly study. 32 Once value is recognized, broader insurance coverage may follow.
Such a herculean effort is only afforded by large-scale cooperative registries and networks of treatment centers of study, demonstrated by the NRG, Alliance, SWOG, and ECOG groups. Large cooperative group studies with focus on proton therapy are emerging but ultimately require more centers to achieve the needed accrual rates. As noted in the opposition statement, the recent effort of an NCI working group addressing the uncertainties in proton therapy RBE and subsequent structured recommendations to minimize radionecrosis risk justify the additional centers to participate in these and other collaborative efforts.
Ultimately, we must acknowledge radiation as an empirical science. After decades of implementation, we are ready to move beyond early phase limited study for proton therapy. No one can deny that the physics and biology of proton therapy can afford more conformal radiotherapy treatment with superior avoidance of normal tissue and thus significantly mitigated toxicity. We are ready to move on to large scale phase III studies, requiring additional proton centers for enrollment to exhaustively examine the parameters for maximum benefit of proton over photon-based radiotherapy as well as identify new opportunities for improved outcomes. The upfront costs will be readily offset by gains in reduced costs of managing late toxicities. The benefits of proton therapy are established; we do not need to put on the brakes, but rather move forward in a scientific, methodical, and cooperative manner to continue to improve patient outcomes. We owe our patients these efforts and resources.
4.B | Todd Tenenholz, MD, PhD; Yi Rong, PhD;
Albert van der Kogel, PhD
Our colleagues have argued that expanding the number of US proton therapy centers will lead to increased patient access and effectiveness research, and that the direct costs of such expansion are small related to the overall costs of patient care. Unfortunately, while the US has led the world in the adoption of expensive treatment technologies and paradigms, the return on this investment in terms of actual health outcomes has been disappointing relative to other industrialized, English-speaking countries. 33 In fact, a great deal of this cost has been transferred to our patients, with over half of US patients diagnosed with a serious medical condition reporting severe financial hardship as a result. 34 Even if we accept the premise that "an expensive cure is cheaper than an ineffective treatment", there is little evidence, or even theoretical speculation, that protons will be more effective than photons from a cancer control perspective. While our colleagues may argue that the decrease in late effects promised by protons may justify their cost, the current rapid expansion of proton therapy has not resulted in increased research to establish this argument. As an example, despite enrollment of 437 proton therapy eligible patients in ACNS 0831, only 135 of these patients have been enrolled in the ALET07C1 companion study of neuropsychological outcomes. 35 This is not a failure of patient access, it is a failure of the treating physicians to prioritize outcomes research.
While there are important arguments to be made regarding the reduction of second primary cancers in the pediatric population, such patients constitute a small minority of patients treated with radiotherapy in the US. While the population of adult 5 yr cancer survivors is growing, these are predominantly patients treated for prostate and breast cancer. The incidence of secondary malignancy in such patients appears to be low in the former, 36 and has likely been overestimated in the latter. 37, 38 Such arguments hardly justify recent reports of proton therapy for treating small cell lung, pancreatic, and esophageal cancers. [39] [40] [41] In fact, the dose limiting toxicities for many adult malignancies relate to tissues in close proximity to the target volume, a situation in which protons may have little dosimetric advantage compared to other treatments, due to high dosimetric sensitivity to internal tumor/organ motion and anatomy change. 42 In addition to this theoretical advantage of a reduced risk of secondary malignancies, the key argument for the use of protons has been the steep dose fall off beyond the Bragg peak, thus conferring an advantage when treating tumors close to critical normal tissues.
As we mentioned in the opening statement, the generally accepted would truly benefit from this new modality, and would likely do so with higher quality data and much lower overall cost than construction of additional proton centers.
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